Human autoimmune (AI) diseases are difficult to treat, because immunosuppressive drugs are nonspecific, produce high levels of adverse effects, and are not based on mechanistic understanding of disease. Destroying the rare autoreactive T lymphocytes causing AI diseases would improve treatment. In animal models, TNF selectively kills autoreactive T cells, thereby hampering disease onset or progression. Here, we seek to determine, in fresh human blood, whether TNF or agonists of TNF selectively kill autoreactive T cells, while sparing normal T cells. We isolated highly pure CD4 or CD8 T cells from patients with type 1 diabetes (n ‫؍‬ 675), other AI diseases, and healthy controls (n ‫؍‬ 512). Using two cell death assays, we found that a subpopulation of CD8, but not CD4, T cells in patients' blood was vulnerable to TNF or TNF agonist-induced death. One agonist for the TNFR2 receptor exhibited a doseresponse pattern of killing. In type 1 diabetes, the subpopulation of T cells susceptible to TNF or TNFR2 agonist-induced death was traced specifically to autoreactive T cells to insulin, a known autoantigen. Other activated and memory T cell populations were resistant to TNF-triggered death. This study shows that autoreactive T cells, although rare, can be selectively destroyed in isolated human blood. TNF and a TNFR2 agonist may offer highly targeted therapies, with the latter likely to be less systemically toxic.
I
n animal models, the immunoregulatory cytokine TNF has been successfully use directly or indirectly as treatment for several autoimmune (AI) diseases (1) (2) (3) (4) . TNF augmentation also might be beneficial for humans with autoimmunity, based on indirect evidence from genetic and functional studies that suggests possible deficiencies in patients' TNF levels or signaling pathways (4) . Using human blood specimens, we test addition of TNF, or more selective agonists of TNF, for their capacity to kill only autoreactive T cells in several AI diseases, while sparing normal T cells.
TNF is a vital cytokine in diverse immune responses, including enhanced cell survival or apoptosis (5, 6) . TNF achieves these effects via distinct signaling pathways through two membrane receptors, TNFR1 (CD120a; p55/60) and TNFR2 (CD120b; p75/80). TNFR1 is ubiquitously expressed on all T cell populations, the entire lymphoid system, and most other cells. This explains TNF's systemic toxicity when used at high doses in oncology treatment and in diseases with normal TNF basal levels (7, 8) . TNFR2, in contrast, is more restrictively expressed, found only on select subpopulations of T cells, endothelial cells, neurons, and other occasional cells (9) . Here, we take advantage of the apoptotic role of TNF and the differential patterns of TNFR expression to test a targeted method of administering TNF and several agonists to selectively kill autoreactive T cells. This approach opens the way for a novel and more targeted strategy to treat autoimmunity.
Research over recent decades has been devoted to understanding the TNF receptor pathway and its normal role in T cell survival or in apoptosis to curb growth of activated T cell subpopulations once the immune response has succeeded. Upon TNF exposure, normal T cells rapidly activate NFB, a transcription factor that leads to their survival. NFB in the cytoplasm is part of a larger protein complex that requires both direct and indirect proteasome processing and ubiquination of inhibitory subunits for successful transport to the nucleus to promote transcription of cell survival genes. When chemicals or mutations block NFB activation in vitro, TNF signaling selectively triggers cell death via apoptosis, especially in activated T cells, which depend on this induced pathway (10, 11) .
Defects in TNF signaling, most likely in lymphocyte subpopulations, are common across several AI diseases in both animals and humans (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . The defects, whether genetic and/or functional in origin, affect activation of NFB. The first described defect was in the AI-prone NOD mouse, a model of spontaneous diabetes and Sjogren's syndrome. In this model, the LMP2 proteasome subunit protein expression decreases as mice progress toward disease. The missing proteasome LMP2 subunit blocks the activation of the NFB signaling complex, preventing it from entering the nucleus to activate prosurvival genes (16) . Proteasome blockage also leads to TNF mRNA instability, thereby lowering levels of TNF translation (17) . Remarkably, this same proteasome subunit protein is missing in one form of human AI disease, Sjogren's syndrome (18) . Genetic and protein processing defects in the NFB pathway are also found in humans with lupus, Crohn's, rheumatoid arthritis, and ulcerative colitis (13, (19) (20) (21) . These findings, taken together, suggest that exogenous TNF prevents entry of unprocessed NFB into the nucleus, thereby leading to TNF-induced apoptosis of autoreactive T cells.
To explore TNF's role as a selective killer of autoreactive CD8 T cells in humans, we studied blood specimens from AI patients. We exposed TNF, and agonists that mimicked TNF's function, to T cells isolated from the specimens. One TNF agonist was selective for TNFR1, whereas others were agonists for TNFR2. We sought to answer several questions. Can TNF or its agonists induce cell death in the rare subpopulation of T cells that are autoreactive? Is TNF-induced death restricted only to autoreactive cells, but not to other subpopulations of activated T cells? Can TNF be shown in culture to kill those autoreactive CD8 T cells specific to a given autoantigen? Finally, in pursuit of a less toxic therapeutic approach, we ask whether autoreactive T cells also can be killed by an agonist for a single TNF receptor, such as TNFR2, which is more limited in its cellular distribution than is TNFR1. separated peripheral blood lymphocytes (PBLs). These methods were used in this study. We show that, in 387 diabetic and matched control samples prepared by Ficoll, TNF killed by apoptosis a significantly greater subpopulation of T cells (P ϭ 0.003) in diabetic but not control samples. If fewer numbers of paired patient and control samples were studied, the trends were not detectable [see Results in supporting information (SI) Text and Table S1 ]. As frequently reported in the literature, Ficoll separated cells have poor viability, yield, and purity (Fig. S1) .
To standardize T cell preparations from freshly drawn blood, we developed and applied nongradient separation methods. Direct positive selection of magnetically tagged CD4 or CD8 T cells yielded more viable cells that were purer and more representative of the original numbers of starting cells (Fig. S1C) . T cell separation methods were further automated by using robotic platforms to allow high yields and consistently viable preparations. Fresh samples using solely magnetic separation preparations were Ͼ95% viable, Ͼ95% pure, and achieved Ͼ85% yield of the starting cells in blood. This contrasted with typical preparations of Ficoll-isolated PBLs with viability of 30-60%, poor purity, and yields of only 20-40% of starting samples. A series of 256 samples from both diabetics and controls showed reproducibility of separation methods (Fig. S1C) . The magnetic separation methods were used thereafter, eliminating the need for large sample study sizes, because each sample was more representative and highly viable.
TNF Treatment Induces Death of a Subpopulation of CD8 but Not CD4
T Cells in AI Patients. To determine whether freshly isolated preparations of human diabetic T cells were killed with TNF, we studied two types of purified and highly viable subpopulations of CD4 vs. CD8 T cells using two different cell death assays.
The first was the lactate dehydrogenase (LDH) assay, which measures cell death and cell proliferation via LDH, a product in the cytosol of damaged cells. In isolated CD4 T cells, no TNF-induced killing was observed in diabetic or control samples. TNF induced mild proliferation, but not cell death, in both patient and control cells (Fig. 1A) . No significant differences were observed at all TNF doses, ranging from 0.5 to 30 ng/ml. Using the same assay, TNFs effect on CD8 cells was strikingly different. TNF killed diabetic CD8 T cells but not control CD8 T cells at all TNF doses (P ϭ 0.08, 0.002, 0.02, 0.01, 0.018, and 0.001). Only 12 pairs of diabetic and control samples were needed to obtain significance ( Fig. 1 A) . As reported in the literature, we too found TNF induced mild T cell proliferation, but only in control samples of purified CD8 T cells, not in CD8 diabetic cells at higher doses.
As confirmation that TNF kills a subpopulation of diabetic CD8 T cells, an expanded study of 23 pairs of samples from diabetics and controls was examined by using the WST-1 assay, which measures cell proliferation directly but death indirectly. TNF at doses of 0.5 or 2.5 ng/ml induced mild proliferation of control CD8 T cells but death of diabetic CD8 T cells (P ϭ 0.0029, 0.009) (Fig. 1B) .
Although the target organs of AI diseases vary, diverse genetic errors in the TNF-signaling pathway are a unifying feature that may contribute to each disease (12) (13) (14) (15) (22) (23) (24) . Purified CD8 T cells from a range of AI patients were studied with the LDH assay. Because other AI patients have normal blood sugars, this study ruled out the impact of high blood sugars, a feature of diabetes that also influences TNF sensitivity. For all AI diseases examined, TNF-sensitive CD8 T cells were detected. TNF killed a subpopulation of CD8 T cells in patients with lupus, psoriasis, Crohn's disease, hypothyroidism, and multiple sclerosis (Fig.  S2 ). TNF-induced killing was sufficiently robust that a single AI vs. control sample pair could be shown to exhibit a dose-response effect. These findings suggest that TNF-induced killing of a subpopulation of CD8 T cells extends to other AI diseases. Some Crohn's and rheumatoid arthritis patients are treated with anti-TNF therapies such as Etanercept and Remicade, making it difficult to expand the blood to T cells unaltered by the standard of care. A side effect of anti-TNF therapies in 5-50% of Crohn's and rheumatoid arthritis patients is the development of new autoantibodies, which are sometimes followed by new onset AI diseases including systemic lupus, and type I diabetes, among others (4). We were fortunate to repeatedly study a Crohn's patient who, after 6 months of anti-TNF therapy, developed both new onset type 1 diabetes and systemic lupus. The T cells from this Crohn's patient, 1 year after cessation of anti-TNF therapy, showed TNF-induced death in a doseresponse manner in the LDH assay (Fig. S2G ). We were also fortunate to study a type 1 diabetic who, at the age of 40, developed rheumatoid arthritis but was not treated with anti-TNF therapy. As Fig. S2H shows, this AI patient who coexpressed both diseases similarly exhibited a dose-response in TNF-induced death of CD8 T cells.
TNFR2 Agonist Alone Kills a Subpopulation of CD8 T Cells from AI
Patients. TNF acts by binding to two cell surface receptors, TNFR1 and TNFR2, although the intracellular machinery associated with these receptors is dissimilar. One TNFR1 and three TNFR2 agonist antibodies were tested on purified CD8 T cells to determine whether stimulating each receptor alone could kill AI CD8 T cells with greater specificity.
We first examined TNFR1 agonism on purified CD8 T cells from type 1 diabetics compared with controls. Using the LDH assay, TNFR1 agonism caused equally mild CD8 T cell proliferation in diabetic and control CD8 T cells. No significant differences in CD8 T cell responses were found over a range of agonist concentrations. The TNFR1 agonist was given to 11 matched pairs at doses of 0.0032, 0.016, 0.08, 0.40, and 2 g/ml. P values were all Ͼ0.60 ( Fig. 2A) . Next, we examined three TNFR2 agonists and their ability to induce death in CD8 T cells from diabetic patients, using the LDH assay. TNFR2 agonist clone #1, at all concentrations, and with a sample size of only eight paired samples, induced CD8 cell death exclusively in diabetic samples (Fig. 2Bi) . For the dose range tested, the P values were all significant, at 0.04, 0.02, 0.05, 0.04, and 0.03. Because some TNFR2 antibody agonists are known to be potentiated by addition of TNF, we also incubated the cells with TNF to observe the impact of bireceptor stimulation after applying the TNFR2 agonist (25) . Fig. 2Biv shows that TNF neither potentiated nor inhibited the capacity of this TNFR2 agonist. The killing remained significantly greater in diabetic cells, with P values of 0.01, 0.01, 0.05, 0.04, and 0.01 over the dose range.
Two other TNFR2 agonists were screened with the LDH assay for their capacity to induce CD8 T death in diabetic cells. TNFR2 agonist clones #2 and #3 were ineffective at killing significantly more diabetic CD8 T cells. They showed no overall differences between diabetics and controls ( Fig. 2B ii and iii) or differences with addition of TNF ( Fig. 2B v and vi) . The only exception was that agonist clone #3 stimulated proliferation of control CD8 T cells at the highest TNF concentrations more than the diabetic (Fig. 2Bvi) . Because TNFR2 agonist clone #1 effectively and specifically killed a subpopulation of diabetic CD8 T cells, at least as effectively as TNF, we used the WST-1 assay to replicate the finding on a larger sample (n ϭ 51 matched pairs). As with the LDH assay, we found a gradual dose-related increase in killing of a subpopulation of diabetic CD8 cells. At agonist doses of 0.1, 0.5, and 1 g/ml, P values were 0.99, 0.17, and 0.01 (Fig. S3) . Agonist clone #1 also induced slight proliferation of control CD8 cells. Specific assays of cell death by apoptosis were also studied with TNFR2 agonism. The Caspase 3/7 assay, a luminescent assay of apoptosis in mammalian cells, was used with diabetic and control CD8 T cells. This assay, like the previously described data with AnnexinV apoptotic death of CD8 T cells with TNF, confirmed TNFR2 agonism clone #1 killed diabetic CD8 T cells by apoptosis. The Caspase 3/7 product is a transient noncumulative apoptotic product peaking at different times between 4 and 6 h in fresh T cells. The data show CD8 T cells from type 1 diabetics have a dose-related increase in TNFR2 agonist killing of CD8 T cells (Fig. S4) Last, TNFR2 agonist clone #1 also killed CD8 T cells from patients with other AI diseases. Not only did this TNFR2 agonist kill CD8 T cells from diabetics, but it also killed CD8 T cells from patients with lupus, Graves', psoriasis, and multiple sclerosis (Fig. S5 ).
Autoreactive Diabetic CD8 T Cells to an Insulin Fragment Die with TNFR2 Agonism. Autoreactive T cells in diabetics show cytotoxicity against self-peptides correctly presented through HLA class I alleles (26) . For example, peptide-specific autoreactive T cells against the insulin B chain 10-18 have been identified in islet allograft recipients. During recurrent autoreactivity, T cells from blood, when coincubated with an insulin peptide loaded to a class I proteins, show reactivity (27) . With our improved capacity to isolate pure, viable, and representative CD8 T cells from fresh blood, we investigated whether long-term diabetics harbor CD8 T cells with reactivity to the insulin peptide fragment in the HLA-A2 (*0201) allele. Those CD8 T cells would be indicative of autoreactive T cells.
A long-term diabetic had detectable autoreactive CD8 T cells with binding to HLA-A2 insulin B10-18 compared with a HLA-A2 nondiabetic control (Fig. 3A) . Neither nondiabetic nor diabetic CD8 T cells bound to the irrelevant antigen presented in the control tetramer reagent (tetramer-negative). Analyzing more patients and controls by the same methods, somewhat Ͻ50% of our HLA-A2ϩ long-term diabetics statitically showed insulin B chain 10-18 autoreactive CD8ϩ T cells (Fig. 3B ) when large numbers of isolated and pure CD8 T cells were studied. An analysis of long-term diabetics with or without insulin tetramer reactive CD8 T cells compared with controls revealed nearperfect matching of the samples. Clinical characteristics, such as difference in age of onset or duration of diabetes, did not predict whether long-term diabetics possessed insulin tetramer reactive CD8 T cells. Indeed, long-term diabetics Ͼ10 years of disease could have the detectable presence of this subclone of autoreactive CD8 T cells (Fig. 3C) . On average, long-term diabetics with insulin tetramer positive cells were 38.3 ϩ/Ϫ 19.4 years and had diabetes for 18.4 ϩ/Ϫ 16.6 years. All CD8 cells used for these studies were 95% viable and 95% pure and were representative, with a yield of at least 85% of the starting T cell population.
CD8 autoreactive T cells are thought to represent the cells ii. Clone #2 v. Clone #2 ug/ml ug/ml ug/ml sensitive to TNF-induced death in the earlier WST-1 and LDH assays. To further confirm and refine the ability of TNFR2 agonists or TNF to selectively kill autoreactive T cells, insulin tetramer T cell death was studied in vitro within the highly pure CD8 isolated cells from fresh blood. Fig. 4A shows that 6-hour treatment with the TNFR2 agonist in one diabetic specifically eliminated insulin autoreactive T cells. The study was expanded to more diabetics with varying numbers of autoreactive T cells displaying reactivity to insulin to the B chain 10-18 amino acids. Insulin-reactive CD8 T cells treated with brief exposure to the R2 agonist antibody consistently died (Fig. 4B) . One insulin tetramer positive patient was studied on four separate occasions over a 3-year time span (Fig. 4C ). This patient on each visit repeatedly showed the presence of autoreactive CD8 T cells to the insulin plus tetramer reagent. The patient's autoreactive cells repeatedly died in culture after low-dose exposure to the TNFR2 agonist. In contrast, cells from a control exposed to a TNFR2 agonist demonstrated mild proliferation, no false-positive insulin tetramer reactivity, and no death upon exposure to TNFR2. Further studies confirmed that TNF, like the TNFR2 agonist, could also killed insulin autoreactive T cells (Fig. S6) .
Activated, but Not AI, CD8 T Cells from Diabetics Are Resistant to TNFR2 Agonism. Because antigen-specific autoreactive T cells from diabetics die with TNF or TNFR2 agonism, it was important to establish whether other subpopulations of activated or memory T cells from diabetic patients were also susceptible to TNF-triggered death. As Fig. S7 shows in two different diabetics, neither EBV nor CMV-specific T cells from Type 1 diabetics die when exposed to TNFR2 agonism. In these flow cytotetric studies direct disappearance of tetramer positive CD8 T cells were monitored (Fig. S7A ) and direct staining for dead cells with the death detection reagent called Sytox (Fig. S7B ). These data confirmed non-AI but antigen-specific CD8 T cells are not susceptible to TNF agonism death. TNFR2 agonism therefore is targeted to death of only pathogenic T cells related to the diabetics.
Discussion
Destruction of rare autoreactive T cells in AI disease has been an elusive therapeutic goal designed to produce marked benefit over current treatments that are nonspecific and plagued by adverse effects. Here, we report that TNF exposure kills a subset of human CD8 T cells from type 1 diabetes and other AI diseases. In contrast, CD4 T cells from type 1 diabetics are resistant to TNF-triggered death. Death of this subpopulation of CD8 T cells is also triggered with a specific agonist for TNFR2 that mimics TNF's actions. TNFR1 agonists do not trigger cell death of diabetic autoreactive T cells. We also show that, in type 1 diabetes, a subpopulation of insulin-autoreactive CD8 T cells specific for the HLA class I insulin fragment die upon exposure to a TNFR2 agonist, confirming that the TNF pathway could be a target for new types of treatments. Activated CD8 T cells in diabetics to nonautoreactive peptides such as directed to CMV or EBV viral fragments, are resistant to TNF agonism, confirming the specificity of the TNF pathway as a targeted method of killing only autoreactive CD8 T cells. An abundance of murine models establish the therapeutic benefit for administering TNF or TNF induction to animals with late-stage AI disease (1) (2) (3) (4) . Although many models have been proposed to account for TNF's therapeutic benefit, one candidate mechanism in mouse models is direct autoreactive T cell death (28) . This current article broadly confirms that blood samples taken from humans with diverse AI diseases have sensitive autoreactive CD8 cells populations that selectively undergo apoptosis induced by TNF or a TNFR2 agonist.
The capacity of a TNFR2 agonist to kill autoreactive diabetic CD8 T cells has therapeutic implications for drug safety. Systemic TNF therapy for cancer patients, especially at high doses, can cause toxicity (7, 8) . Although cancer patients may already have high TNF levels at the onset of therapy, perhaps accounting in part for the added toxicity, the fact remains the therapeutic window for TNF may be narrow. In contrast, systemic administration of a TNFR2 agonist to baboons, even at high doses, is associated with minimal toxicity (29) . This most likely reflects more restricted distribution of the TNFR2 receptor, unlike the body-wide expression of TNFR1. In general, TNFR2 is expressed only on minor populations of lymphocytes like highly activated T cells, endothelial cells, and some subpopulations of neurons (9) . This suggests that the use of TNFR2 agonism for selective T cell death might be further targeted by ensuring blood-brain barrier penetrance does not occur. Because we found that autoreactive CD8 T cells die only with TNFR2 stimulation, therapeutic use of TNFR2 agonist without TNFR1 agonism is likely to be less toxic than TNF.
Refinements in our isolation of human T cells made it feasible to study specific subpopulations of T cells with reliability. Traditional methods of separating lymphocytes with Ficoll gradients were labor-intensive and required very large sample sizes to verify pathogenic T cells in long-standing autoimmunity. Gradient separation methods yield only a small fraction of representative T cells of poor viability (30) . For the majority of our studies, isolated CD8 T cells were obtained by magnetic cell separation methods, which eliminated traditional gradient separation processes. Our blood separation standardization procedures to retrieve representative T cell populations allowed fewer paired patient and control samples to be obtained and expedited the identification of T cells sensitive to TNF-triggered cell death. Indeed these refined isolation methods allowed insulin fragment autoreactive T cells to be detected routinely in patients with diabetes of Ͼ10 years duration. This last accomplishment was important to establish that the T cells vulnerable to TNF cell death were the rare autoreactive T cells.
Because our findings showing potential benefits of TNF or TNF agonism for treating AI, it seems paradoxical that anti-TNF therapies are a major therapeutic class of drugs currently marketed for AI. TNF antagonists have provided clinical benefit to about half of AI patients, those with rheumatoid arthritis and Crohn's disease. Yet an expanding body of research in animal models on spontaneous autoimmunity suggests the opposite strategy may be warranted (4) . Furthermore, in humans, several clinical observations deserve mention. First, many Crohn's and rheumatoid arthritis patients never respond to TNF antagonists. Second, long-term treatment with anti-TNF drugs can be accompanied by onset of new or aggravated forms of autoimmunity, sometimes new autoantibodies, suggesting that, for some AIs, anti-TNF therapy may not be the drug of choice (4). Last, some AI diseases like multiple sclerosis worsen when treated with anti-TNF (31) (32) (33) (34) . Therefore, the new analysis here, combined with previously published animal and human studies, argue for the opposite therapeutic strategy for some AI diseases, namely to boost or restore TNF. Activation defects in the transcription factor NFB, which is part of the TNF signaling pathway, may leave autoreactive T cells more vulnerable to TNF-induced apoptosis. Genetic findings indirectly support polymorphic diversity in this signaling pathway in human AI diseases. Overall, certainly type 1 diabetic patients and perhaps subsets of patients with other AI diseases could benefit from the targeted removal of autoreactive cells with TNF or TNFR2 agonism.
With chronic diseases such as diabetes and other forms of autoimmunity, most therapies have traditionally used nonspecific immunosuppression, because it was thought that the rare autoreactive T cells could not be identified, much less selectively killed. A defective TNF signaling pathway, which leads to cell death, now provides, at least in vitro, a unique opportunity in human AI diseases to kill only autoreactive T cells.
Materials and Methods
Human Subjects. Patients with type 1 diabetes or other AI diseases ranging from lupus, multiple sclerosis, hypothyroidism, celiac disease, Crohn's disease, Graves' disease, Sjogren's syndrome, and psoriasis, were recruited over a 5-year period from Massachusetts General Hospital with full institutional approval and with informed consent. Further information is available as Materials and Methods in SI Text.
Blood Preparation. PBLs were isolated by two major methods, using Ficoll (Table 1 TNF Receptor Antibodies. TNF (Leinco Technologies) and several TNFR1 and TNFR2 antibodies were purchased from the following sources for use on the magnetically separated T cells. TNFR antibodies were clone MR2-1 (TNFR2) and MR1-2 (TNFR1) (Cell Sciences), 80M2 (TNFR2) (Cell Sciences HM2022) (35, 36) and Sigma T1815 (clone 22221.311; Sigma) also specific to the TNFR2 receptor. Isotype-specific control antibodies, matched to the antibody agonists, were performed at times to rule out nonspecific effects of added Ig. TNF antibodies also were sometimes tested with the addition of TNF (2.5 ng/ml) to observe whether the agonist effect was either potentiated or inhibited.
Further information is available online as Materials and Methods in SI Text.
